The Dal blood group system was identified a decade ago by the accidental sensitization of a DalÀ Dalmatian with a Dal+ blood transfusion. Similar Dal-related blood incompatibilities have been suspected in other Dalmatians, Doberman Pinschers, and other breeds.
M any blood group systems have been described in dogs using immunohematological studies. Among these, 7 have been recognized internationally and are referred to as dog erythrocyte antigen (DEA) 1, 3, 4, 5, 6, 7, and 8.
1-4 Dogs do not possess clinically important naturally occurring alloantibodies. 3, 5, 6 Thus, a first mismatched transfusion is not expected to lead to an acute hemolytic transfusion reaction. However, alloantibodies produced after sensitization by mismatched blood can result in ineffective transfusion or acute hemolytic transfusion reaction, if a second transfusion is administered to a previously sensitized dog. [7] [8] [9] [10] [11] A decade ago, the erythrocytic Dal antigen was described after accidental sensitization of an anemic Dalmatian dog by a DEA 1 matched transfusion. Four other DalÀ Dalmatians were identified. 12 However, a high prevalence of Dal+ was seen among blood donor dogs, which suggested that Dal might be a high-frequency red blood cell (RBC) antigen rather than a blood group system similar to DEA 4, 9,10 but a larger survey in dogs was lacking. DalÀ anemic dogs will likely be sensitized by their first transfusion with blood from the common Dal+ blood type dog, 12 and if requiring further blood transfusions, compatible DalÀ blood donors might be difficult to find.
The objectives of this study were to determine the mode of inheritance of the Dal antigen expression and to define the prevalence of Dal+ and DalÀ blood in Dalmatians, Doberman Pinschers, and some other breeds of dogs including blood donors in North America.
Materials and Methods

Animals
From 2008 to 2015, Dalmatians, Doberman Pinschers, and dogs of other breeds, including canine blood donors, were recruited from the veterinary clinics of 3 Universities (University of Guelph/ Ontario Veterinary College [OVC] , University of Montreal/Centre Hospitalier Universitaire V et erinaire [CHUV] , and University of Pennsylvania [PennVet] ), dog shows, and private blood banks in Canada and the United States. Dogs recruited from the veterinary clinics were either sick dogs or healthy dogs admitted for screening of subclinical disorders or routine health evaluation.
Dalmatians and Doberman Pinschers
The majority of dogs recruited from OVC were asymptomatic Doberman Pinschers enrolled in a study of dilated cardiomyopathy. In addition to dogs recruited from the veterinary clinics, breeders were approached at dog shows to obtain blood samples from their Dalmatians and Doberman Pinschers. In order to establish the mode of inheritance of the Dal blood group system, some breeders were also asked to submit samples from families including dam, sire, and offspring. Most Dalmatians in the USA were recruited at the Dalmatian Club of America National Specialty show in Huron, Ohio, in 2015.
Shih Tzus. After recognizing a blood incompatibility in a DalÀ Shih Tzu at OVC, additional Shih Tzu dogs were recruited from that clinic.
Dogs of other breeds and blood donors. Canine blood donors (>23 kg, 2-8 years old) were recruited from the 3 university blood banks listed above as well as from private blood banks in Canada and the United States. Dogs of other breeds that were not blood donors were recruited from the 3 universities and represented either dogs in need of a blood transfusion or dogs with blood incompatibility after a prior transfusion, or left-over blood samples from PennVet or CHUV.
Information including the medical history, breed, color, sex, and age of dog was obtained, in addition to the DEA 1 type, official registration name and number, and geographical location of dog at time of collection when available. Dalmatian and Doberman Pinscher owners were asked whether their dog was already enrolled in a blood donor program: if so, the information was used for descriptive data of the blood donor group, but the individual dog remained within its specific breed group for statistical purposes. The study was approved by the institutional animal care and use committees of the universities of Guelph, Montreal, and Pennsylvania.
Blood Samples
Ethylene-diaminetetraacetic acid (EDTA)-anticoagulated blood samples were collected from the jugular or cephalic vein with owner consent, or represented left-over samples submitted to the universities' clinical laboratories.
Dal Blood Typing
Dal blood typing was performed using neutral buffered gel column cards from Diamed a and Ortho Clinical Diagnostic. 14 Both sera were similarly active against the Dal antigen when compared to the serum from the original index DalÀ Dalmatian. 12 Briefly, a 0.8% RBC suspension was prepared by adding 10 lL of packed and washed RBCs to 1 mL of low ionic strength saline solution.
d,e,12 Fifty lL of this RBC suspension was placed in the chamber on top of the gel column in addition to 25 lL of anti-Dal serum, and then, the card was incubated at 37°C for 15 minutes. f The gel column card was then centrifuged g for 10 minutes, and the degree of agglutination was read. 12 If the RBCs migrated to the bottom of the gel column, the result was negative, and the dog was typed as DalÀ. If the RBCs were trapped on top or within the gel column, the results were positive and graded from 1+ to 4+. 15, 16 
DEA 1 Blood Typing
If the DEA 1 information was not already available from the medical record, dogs were also blood typed for DEA 1 using either commercially available gel column tests h or, when they became unavailable in 2011, immunochromatographic strips, i according to the manufacturer's instructions. 17 Both techniques use the same monoclonal anti-DEA 1 antibody.
18
Detection of Dal Alloantibodies
Plasma samples from DalÀ dogs identified at PennVet, and from a DalÀ Shih Tzu from OVC with transfusion-related incompatibilities, were examined for anti-Dal antibodies using the gel column technology and known Dal+ RBCs. 13, 18 Statistical Analysis 19 were used to determine whether the DalÀ blood type was significantly associated with sex, age, coat color, DEA 1 type, and geographical area and were performed separately for each breed with a sufficient sample size and in which DalÀ dogs were detected. One dog per breeder was randomly selected for inclusion in these analyses. A forward selection procedure was used to build each model, using a P < .05 as criteria for inclusion of variables (exact test).
l Pedigree analysis was built based on the Dal+ or DalÀ type and was analyzed for simple Mendelian inheritance patterns. 20 
Results
Breeds and Demographics
From 2008 to 2015, 1130 dogs were typed for Dal including 128 Dalmatians, 432 Doberman Pinschers, 21 Shih Tzus, and 549 dogs of other breeds. This included 228 non-Dalmatian and non-Doberman Pinscher blood donors from volunteer blood donor programs: CHUV and 2 associated local private blood banks (n = 69), OVC (n = 98), and PennVet, which also received samples from blood donors at Hemopet m and the Ohio State University n (n = 61). The 321 nonblood donor dogs represented various breeds in need of blood transfusions or from which left-over samples were available at PennVet or CHUV. The ages of all dogs considered together ranged from 1 month to 15 years. The description of the selected population for the prevalence study after exclusion of randomly selected puppies is detailed in Table 1 .
Dal Type Gel Column Technique and Prevalence
All Dal blood typing results using the gel column technology yielded easily interpretable agglutination reactions, with either no (grade 0) or strongly positive agglutination reactions (3+ or 4+) (Fig 1) .
The prevalence of the Dal+ phenotype varied among breeds and geographical area (Tables 1 and 2 ). DalÀ dogs were identified mostly in Dalmatians (12%), Doberman Pinschers (42%), Shih Tzus (57%), and few other breeds. All other purebred dogs were Dal+ except for 1 Bichon Frise and 1 Lhasa Apso. Three DalÀ dogs were detected among 122 mixed-breed dogs ( Table 2 ).
Dal Type in Blood Donors
Of the 228 non-Dalmatian and non-Doberman Pinscher blood donors 227 were Dal+, including commonly recruited breeds such as Greyhounds (n = 73), Labradors Retrievers (n = 23), German Shepherd Dogs (n = 18), and Golden Retrievers (n = 14). All nonblood donor dogs of these same 4 breeds were also Dal+ ( Table 2) . Only 1 DalÀ mixed-breed blood donor was identified (at OVC).
Of all the Doberman Pinschers tested, 16 had been enrolled in a blood donor program, and 5 of them were DalÀ. Only 1 Dalmatian was already part of a blood donor program and was Dal+.
Evaluation for Anti-Dal Alloantibodies
No anti-Dal alloantibodies were detected in plasma of the 23 DalÀ dogs tested without prior transfusion history. However, the plasma from the previously transfused DalÀ Shih Tzu, found to be incompatible to regular donors, showed strong anti-Dal alloantibodies by the gel column method (4+).
Risk Factor Analysis Related to DalÀ Type
Risk factors for DalÀ blood type were examined for Dalmatians and Doberman Pinschers (Table 3) . No variables were significantly different for Dal+ and DalÀ Dalmatians. For Doberman Pinchers, DalÀ blood type did not vary by sex, coat color, or DEA 1 status (P > .05 for all analyses), but varied significantly by geographical region; the probability of DalÀ was significantly greater in Quebec compared to Ontario, Canada (odds ratio of 2.01 P = .01).
Mode of Inheritance
One Dalmatian and 7 Doberman Pinscher families comprised of 117 dogs (60 DalÀ and 57 Dal+) were studied (Table 4 and Fig 2) . As the proportion of Dal+ phenotype did not vary significantly by sex in these families, or within the breeds (Table 3) , an Xchromosomal mode of inheritance could be excluded. 
Discussion
The Dal blood group was initially described in an anemic DalÀ Dalmatian that was incompatible with other dogs except to several Dalmatians, but a larger survey was required to establish its prevalence in Dalmatians as well as in other breeds. 12 In the present study, using a gel column technology and polyclonal anti-Dal antibodies, 1130 dogs from North America were blood typed. Only strong Dal+ of DalÀ typing reactions, and no naturally occurring anti-Dal antibodies, in nontransfused DalÀ dogs, were detected. This study identified DalÀ dogs in breeds other than Dalmatians and research Beagles, 12, 14 notably in Doberman Pinschers and Shih Tzus, but also in Lhasa Apsos, Bichon Frises, and mixed-breed dogs. The Dal was initially thought to be a high-incidence antigen, 12 but based on this study, it should be actually classified as a blood group system where Dal+ is dominantly inherited over DalÀ. DalÀ dogs are not exclusive to the Dalmatian breed and the Dal type should be investigated when facing transfusion incompatibility in any breed.
The proportion of Dal+ and DalÀ individuals did not vary significantly by sex. In addition, DalÀ parents produced only DalÀ offspring, and DalÀ offspring were rare if both parents were Dal+. Consequently, the pedigree analyses revealed an autosomal dominant mode of inheritance of the Dal+ phenotype similar to what has been found with other canine blood groups investigated to date. 6, [20] [21] [22] In 1953, inheritance of canine blood types A, B, C, and D (which likely correspond to DEA 1, 3, 4, and 5, respectively, using the current international nomenclature) was studied, which showed that blood groups are inherited as simple Mendelian dominants with no evidence of association. 1, 21 Thereafter, a dominant inheritance was suggested for several other canine RBC antigens for which relations were not established with internationally recognized DEA, but no formal pedigree analyses were presented. 22 Most recently, a multiallelic (≥4) autosomal dominant blood group system for DEA 1 was reported, after a heritable pattern of varied antigenic expression was observed, ranging from a complete lack (DEA 1-) to various degrees of positivity (agglutination reactions ranging from 2+ to 4+). 20 In the current study, all Dal typing results yielded either a clear negative (0) or a strong positive (3+ or 4+) agglutination reaction, supporting a simpler 2 allele model with the Dal+ allele being dominant over the DalÀ allele.
This study identified numerous DalÀ dogs in Dalmatians as well as in Doberman Pinschers. Moreover, we also discovered several DalÀ Shih Tzus while investigating a blood incompatibility in a recently transfused anemic dog. Although only a small number of Lhasa Apsos and Bichon Frises were typed, 1 DalÀ of each breed were identified, which deserves further prevalence investigation. According to the International Federation of Cynology, o both Shih Tzus and Lhasa Apsos originate from Tibet and likely share some common ancestry, but the others have no close ancestors and thus the DalÀ blood type might be far more wide spread. In addition, 2 DalÀ dog were identified after screening 100 research Beagles.
14 These findings suggest a more ancestral mutation, and thereby, more breeds with DalÀ dogs are likely to be found.
Whereas all Dalmatians recruited in Canada were Dal+ (n = 26), the prevalence of the Dal+ phenotype in Dalmatians (n = 90) in the USA was 85.6%. In comparison, the original Dal survey conducted in 2005 showed a similar ratio with 5 DalÀ of 26 Dalmatians (80.8%) recruited from various geographical areas in the USA (Pennsylvania, New York, Illinois, and Texas) and some dogs were known to be related. 12 The clinical importance of Dal in Doberman Pinschers might be considerable given that 42% were DalÀ in this study sample. In addition, the high prevalence of von Willebrand disease (vWD) in Doberman Pinschers 23 creates a particular challenge for this breed. This primary hemostatic disorder puts Doberman Pinschers at higher risk of bleeding which can lead to the need for multiple transfusions, including fresh whole blood, packed RBC, fresh-frozen plasma, or cryoprecipitate, 24, 25 increasing their risk of being sensitized to the Dal antigen. Unfortunately for DalÀ dogs, there is a scarcity of DalÀ blood donors (1 mixed-breed dog and 5 Doberman Pinschers among all typed donors) based upon this survey of blood donors and the original publication on Dal.
12 Doberman Pinschers and Dalmatians are not commonly recruited as blood donors. 12, 26 In the original Dal report, of the 55 privately owned canine blood donors, only 1 was a Doberman Pinscher and none were Dalmatians. 12 Similarly, in a study including 66 nonGreyhounds screened as potential blood donors, only 1 Doberman Pinscher and no Dalmatians were investigated. 26 In addition to Greyhounds, the most common purebred dogs were Borzois, German Shepherd Dogs, Golden Retrievers, and Labrador Retrievers. 12, 26 In the current study, only 1 Dalmatian and 16 Doberman Pinschers were enrolled active blood donors. The most common purebred dogs recruited as blood donors were Greyhounds, Labrador Retrievers, German Shepherd dogs, and Golden Retrievers, all of which were Dal+ (as were all dogs of these same breeds which were not blood donors). The near absence of Dalmatians as blood donors might be due to their weight generally being borderline for recruitment criteria (>23 kg recommended when using standard collection bags) 27 and their perceived apprehensive demeanor in veterinary clinics. The low number of Doberman Pinschers as blood donors might be due to the high prevalence of vWD, the associated cost of screening, and the potential occult cardiomyopathy in the breed. The scarcity of Doberman Pinschers and Dalmatians as blood donors amplifies the rarity of DalÀ blood in blood banks leading to the almost certain sensitization of DalÀ dogs and consequently risk of acute hemolytic transfusion reactions if subsequent transfusions are required. Thus, the specific recruitment of DalÀ Doberman Pinschers and Dalmatians as blood donors might be desirable.
When discovered, Dal was thought to be a high-incidence antigen, as the incidence of Dal+ was >90% in the population tested and seemed to be missing in only 1 breed and in only a few individuals of that breed. 12 According to the International Society of Blood Transfusion (ISBT) in human medicine, the criteria for inclusion as a high-incidence antigen are as follows: (1) an incidence of >90% in most populations tested, but usually >99%; (2) distinction from all other high-incidence specificities; and (3) demonstration that the antigen is lacking in at least 2 siblings, giving evidence that the negative phenotype is genetically determined. 28 Studies identifying high-incidence antigens usually report only a few individuals lacking the antigen. [29] [30] [31] In this study, the prevalence of the DalÀ minor allele was >10% in several breeds and thus the Dal antigen seems to be a true blood group system rather than a high-incidence antigen.
Given the dominant inheritance pattern and the scarcity of DalÀ dogs within the general population of dogs, the most promising sources of compatible blood for a DalÀ recipient would be littermates, family members, or dogs from the same breed, in that order. 9, 12 Indeed, in the family studies reported herein, if 1 DalÀ dog was detected in a litter, there was a 60% chance that another randomly selected littermate was also DalÀ (based on 78 dogs from 13 litters with at least 1 DalÀ dog). If needed, compatible smaller breed dogs, for instance Shih Tzu, Lhasa Apso, and Bichon Frise, could also serve as blood donors by collecting an appropriate volume of blood similar to standard blood donation in cats. 27 When considering such DalÀ dogs as donors, following blood banking standards regarding general health status and infectious disease screening remains of the outmost importance. 32, 33 Canine blood groups have been reported to vary geographically. 8, 26 In this study, the prevalence of DalÀ varied significantly only between Ontario and Quebec, and in Doberman Pinschers. No risk factors (i.e, sex, age, coat color and DEA 1) for the DalÀ phenotype within a breed were identified. DEA 1 blood typing has been recommended before any blood transfusion in dogs for decades. 8 As there is no relationship between DEA 1 status and Dal, DEA 1 blood compatibility unfortunately does not predict compatibility for Dal or any other blood groups. 12, 18 Because Dal testing is not routinely available as is DEA 1 testing, the cross-match (starting 4 days post-transfusion and for the animal's lifetime) remains currently the best alternative method to help rule out clinically relevant Dal incompatibility.
We could not find any evidence of naturally occurring anti-Dal alloantibody within the plasma of untransfused DalÀ dogs, which is concordant with the original Dal study. 12 However, anti-Dal alloantibodies were found in the plasma of a DalÀ Shih Tzu facing a transfusion incompatibility after being previously transfused, reinforcing that Dal is actually a blood group system. That being said, little is known about the clinical importance of anti-Dal alloantibodies in eliciting a hemolytic transfusion reaction in a previously transfused dog. The discovery of Dal was possible because of the production of anti-Dal alloantibodies in a clinically anemic dog, but thereafter, the dog was never transfused with incompatible blood. Similarly, the anemic Shih Tzu described above was not further transfused once the incompatibility was recognized. However, the Doberman Pinscher from Tufts University, whose serum was used for typing purpose in part of this study, was originally investigated in 2007 because of an acute hemolytic transfusion reaction attributed to Dal.
As with most blood typing in dogs, except for DEA 1, Kai 1, and Kai 2,  18 Dal blood typing remains dependent on the availability of polyclonal reagents produced by the sensitization of DalÀ dogs and thus might remain limited in supply. For Dal typing, both tube and gel column techniques can be used. 12, 13 The gel column technology is easier to interpret, but requires kits and equipment. 34 With DEA 1, the production of a monoclonal antibodies and commercial typing kits extended the availability and standardization of DEA 1 typing. 17, 35 In that perspective, production of monoclonal antibodies could increase the availability of Dal blood typing in dogs and would facilitate its commercial availability.
Conclusion
This study showed that the Dal blood type has an autosomal dominant mode of inheritance and identified several breeds with DalÀ dogs in addition to the previously reported Dalmatians, notably Doberman Pinschers and Shih Tzus. Because most purebred breeds tested are Dal+, including all Greyhounds, Golden and Labrador Retrievers, and German Shepherd dogs, DalÀ blood donors are rare and DalÀ dogs are at high risk of transfusion incompatibility when in need of blood on more than 1 occasion. In addition to the current recommendation to cross-match when dogs have been previously transfused, extended Dal typing, although limited by its commercial availability, is recommended in Dalmatians, Doberman Pinschers, and Shih Tzus, particularly when requiring transfusions over more than a few days.
